• The goal is to develop a coupled-channels description that can explain phenomena observed in heavy-ion fusion reactions, e.g, a) large enhancement at energies below the CB (Coulomb barrier), b) hindrance of fusion at extreme sub-barrier energies, c) suppression of fusion data far above the CB.
• The description should include couplings to a) low-lying 2 Proximity type Woods-Saxon (WS) potential
where γ is the nuclear surface tension and a ≈ 0.6 -0.7 fm.
It is realistic for large values of r, where it is consistent with elastic scattering data (Rex-Winther) and with double-folding potentials (Akyüs-Winther). It provides a good description of the height of the Coulomb barrier and of fusion data with σ f ≥ 0.1 mb.
The force has the correct liquid drop form for touching spheres:
This type of potential has been very useful in the past. However, it is not realistic for overlapping nuclei.
Coupled-channels formalism.
Expand total wave function on channel-spin wave functions,
Channel-spin wave functions
|L, M L orbital angular momentum, |nIM I excited state of projectile or target, |J, M total spin, which is conserved. Coupled equations:
I + 1 channels for each state:
Rotating frame approximation.
• Assumes that the orbital angular momentum L is conserved (also known as the Iso-centrifugal approximation.)
• Then one can diagonalized the interaction matrix in such a way that there is only one channel for each excited state (nI) instead of I + 1 channels, namely, the state |nIM >, where M is conserved.
• For fixed L solve the coupled equations:
Good approximation for fusion; not so good for angular distributions of Coulomb excitation and transfer reactions at forward angles.
Example: Quadrupole excitations. • Consider quadrupole excitations.
• The full problem has (I + 1) = 33 channels.
• In the rotating frame approximation, there is only one channel (M=0) for each state, i. e., we only need 1 = 10 channels.
• Combine the (3) two-phonon and the (5) three-phonon states into one effective two-phonon and three-phonon state, respectively. Only 4 effective channels are needed.
Standard two-phonon calculation of fusion. • It does not work for inelastic scattering at forward angles,
• in fusion reactions where transfer plays a role (Q tr > 0),
• for heavy, soft or strongly deformed nuclei (multiple excitations),
• in heavy systems where deep inelastic reactions may play a role.
Standard coupled-channels calculations.
• Include nuclear couplings up to second order in the dynamic surface displacement δs = R α λµ Y * λµ (r),
and Coulomb couplings up to first order in δs.
• Include one-phonon, two-phonon and mutual excitations of the low-lying 2 + and 3 − states in projectile and target.
• Use scattering boundary conditions for large r,
, for r → ∞.
• Simulate fusion by ingoing-wave boundary conditions (IWBC),
which are imposed at the minimum of the pocket.
Compound r
IWBC
The IWBC are sometimes supplemented with a weak, short-ranged absorption.
Double folding potentials
The effective M3Y interaction produces a very realistic Coulomb barrier, consistent with the proximity type Akyüz-Winther potential. However, the potential is way too deep for overlapping nuclei.
Supplement the M3Y interaction with a repulsive contact term,
. Use a smaller diffuseness of the densities, a rep ≈ 0.3-0.4 fm, when calculating the repulsive potential.
Adjust the strength v rep so that the total nuclear interaction for overlapping nuclei is consistent with the Equation of State,
and a nuclear incompressibility of K ≈ 234 MeV. 
The IWBC imply that σ f = 0, for E < V pocket = 85.4 MeV.
Average spin for fusion from γ-ray multiplicities. Ackerman et al., NPA 609, 91 (1996) . The M3Y+repulsion explains qualitatively the suppression that has been observed (for some systems) at high energies. Pb fusion, Morton et al., Phys. Rev. C 60, 044608 (1999) .
New data (solid points), Dasgupta et al., PRL 99, 192701 (2007) , confirm the fusion hindrance.
The WS potential is too deep and cannot explain the fusion hindrance.
A shallow pocket, a thicker barrier, and couplings to the ( The M3Y+repulsion potential has a pocket at 65.1 MeV. Green curve: one-neutron transfer strength was multiplied by 1.26.
This strength produces a realistic total reaction cross section. Pb fusion far above the CB.
The high energy data are suppressed compared to calculations based on the WS potential.
The problem can be fixed by using a large diffuseness, Newton, PLB 586, 219 (2004) .
Calculations based on the M3Y+repulsion potential and a weak, short-range absorption (SRAbs) reproduce the data. =10-20 Diamonds data by Tserruya et al. (1978) . Kolata et al. (1977) saw similar structures.
Are also been seen in 12 C+ 12 C fusion.
Blue dashed curve: based on conventional Woods-Saxon well. Red curve: the M3Y+rep calculation that fits the Thomas data. The high energy data prefer a shallow pocket. Consistent with elastic scattering analysis by Gobbi et al. PRC 7, 30 (1973) .
Conclusion
• The hindrance of fusion far below the Coulomb barrier is a general phenomenon, which has been observed in many heavy-ion systems.
• It is explained by (a posteriori) coupled-channels calculations that are based on IWBC and a shallow potential in the entrance channel.
• A shallow potential also helps resolve the problem of a suppression of high energy fusion data and explains the structures observed in the high energy
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O fusion and scattering data.
• A short-range imaginary potential is often needed at high energies to simulate the effect of the many channels that open up.
• Going beyond the Rotating Frame Approximation would be a computational challenge and require a large number of channels.
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Be is strongly deformed, Q 0 = 26.5 (15) fm
is the angle between r and the symmetry axis. Calibrate the density to give the correct RMS charge radius and quadrupole moment Q 0 . 
